Mutations in the PEX gene at Xp22.1 (phosphate-regulating gene with homologies to endopeptidases, on the X-chromosome), are responsible for X-linked hypophosphataemic rickets (HYP). Homology of PEX to the M13 family of Zn 2+ metallopeptidases which include neprilysin (NEP) as prototype, has raised important questions regarding PEX function at the molecular level. The aim of this study was to analyse 99 HYP families for PEX gene mutations, and to correlate predicted changes in the protein structure with Zn 2+ metallopeptidase gene function. Primers flanking 22 characterised exons were used to amplify DNA by PCR, and SSCP was then used to screen for mutations. Deletions, insertions, nonsense mutations, stop codons and splice mutations occurred in 83% of families screened for in all 22 exons, and 51% of a separate set of families screened in 17 PEX gene exons. Missense mutations in four regions of the gene were informative regarding function, with one mutation in the Zn 2+ -binding site predicted to alter substrate-enzyme interaction and catalysis. Computer analysis of the remaining mutations predicted changes in secondary structure, N-glycosylation, protein phosphorylation and catalytic site molecular structure. The wide range of mutations that align with regions required for protease activity in NEP suggests that PEX also functions as a protease, and may act by processing factor(s) involved in bone mineral metabolism.
INTRODUCTION
X-linked hypophosphataemic rickets (HYP) is prototypic of a group of inherited conditions with defects in renal phosphate transport, and bone mineralisation (1, 2) . Affected patients have short stature, rickets and bone deformities. A unique feature of the disease is the inappropriate vitamin D metabolism in the presence of low serum phosphate. Deletions found in the PEX gene in patients with HYP have shown that mutations in this gene causes the disease (3, 4) . The role of the PEX protein (a zinc metallopeptidase), in regulating phosphate, vitamin D and bone mineral metabolism is not known.
Studies done on a mouse homologue of human X-linked rickets (Hyp), have shown that a circulating extrarenal factor plays a key role in the pathophysiology of the disease (5) (6) (7) (8) . This factor may well act either directly or indirectly on signal mechanisms that affect renal Na + -dependent phosphate co-transport (NaPi), and clearance of 1,25 (OH) 2 vitamin D3 via 24 hydroxylase. A decrease in NaPi expression and an increase in 24 hydroxylase activity occur in the Hyp mouse (9) (10) (11) (12) (13) (14) . Moreover, levels of protein kinase C are also elevated, and endogenous phosphoryla-*To whom correspondence should be addressed tion of renal mitochondrial membrane proteins via phorbol esters has been shown to decrease NaPi transport and increase 24 hydroxylase activity (15) (16) (17) (18) . The involvement of a circulating factor is underlined by renal cross-transplantation studies of kidneys from affected mice to normal mice, and also parabiosis observations of Hyp mice joined to normal mice (5) (6) (7) (8) . In addition, studies on phosphate transport in immortalised renal cell cultures show that the Hyp defect is not primarily intrinsic to the renal tubule (19) .
Tumour-acquired osteomalacia shares many features in common with familial rickets, and may well be an oncogenic equivalent to HYP (1, 2, 20, 21) . A key characteristic of the disease is the striking remission of clinical abnormalities in bone mineral status, and phosphate/vitamin D metabolism following resection of tumour. Furthermore, heterotransplantation of tumours into nude mice (22) , infusion of tumour extracts into dogs and rats (23, 24) and studies using tumour conditioned media on renal cell lines (25, 26) all suggest that a circulating factor is involved (see review 2, 21) .
The complexity of the underlying physiology and biochemistry of HYP has been emphasised by the discovery of intrinsic osteoblast defects (27) (28) (29) (30) . Moreover, recent reports using the mouse Pex gene DNA to screen Northern RNA blots have shown expression exclusively in bone and teeth (31) . More sensitive screening techniques (for example RT-PCR), extend the tissues of expression to include kidney and lung. The precise abnormality in bone is not known; however, recent evidence confirms that two osteoblast bone matrix proteins, osteopontin and osteocalcin, have reduced levels of phosphorylation and increased levels of expression respectively in the Hyp mouse (32, 33) .
The identification of the primary defect in HYP has provided an important reagent to help further our understanding of the pathophysiology of X-linked rickets. In patients, the defects in bone mineralisation are only partially corrected by treatment with high doses of 1,25 (OH) 2 vitamin D3, and the abnormalities in bone growth remain. An extensive analysis of PEX gene mutations in affected individuals will help to characterise gene function and unravel the molecular links between renal phosphate transport, vitamin D metabolism, osteoblast function and bone mineralisation. This information in turn will be of use in correlating clinical phenotype to changes in protein primary sequence, predicted structure and post-translational processing. Ultimately these studies will help in the design of more effective treatments for patients with X-linked rickets and related diseases of bone.
RESULTS
PCR primers designed from intronic sequence flanking 22 exons characterised in the PEX gene were used to amplify genomic DNA from 99 HYP families and from seven sporadic cases of rickets. Single-stranded conformation polymorphism analysis (SSCP) was then carried out to detect possible changes in DNA sequence (mobility shifts in polyacrylamide gels), which were then confirmed by sequence analysis.
Two sets of families originating from Europe and North Africa were investigated. Twenty six mutations (32%), were found in the first set which contained 81 pedigrees, and was screened for mutations in 17 of the 22 exons. A further 15 families from this set were found to have mobility shifts consistent with changes in DNA structure, but were not sequenced to confirm this. Combining the 15 unconfirmed mutations with the 26 characterised changes results in a total of 41 mutations (51%) for the first set of families. The second set containing 18 families were screened for mutations in all the 22 exons, and 15 mutations (83%) were detected. In addition, two sporadic cases of hypophosphataemic rickets on seven probands (28%) were associated with mutations in the PEX gene (Table 1) .
The number and type of mutations were: deletions (16), insertions (two), stop codons (nine), splice mutations (10) and missense mutations (six). Mutations were evenly distributed along the gene, and no hot spot(s) were evident.
Three polymorphisms were detected by SSCP. The first polymorphism occurred in 15% of individuals, and involved a change (C→T), in intronic sequence 19 bp after the forward PCR primer used to amplify exon 10. A second polymorphism was associated with a change in SSCP/PCR mobility of the exon 18 region; this polymorphism was not sequenced, and was also found in 15% of individuals. The third polymorphism involved the poly(T) tract flanking exon 19, in which four alleles were identified. The primers presented in Table 3 for exon 19 do not amplify the polymorphism.
Deletions and insertions
Thirteen of the 43 identified mutations were large deletions (>104 bp). Two of these deletions were in excess of 50 kb, involving the complete loss of the N-terminal end of the gene, exons 1-5 and exons 2-5 respectively ( Table 1 ). The remaining deletions were confirmed by using PCR with primers flanking specific exons. DNA flanking exons 2 (two families), 5 (two families), 7 (two families), 8, 9, 10 and 13 (two families) were found to be missing. All the deletions would be expected to result in frameshifts and/or premature termination of the PEX protein with loss of function. Exons 3, 5 and 12 displayed three small deletions of 5, 104 (partial deletion of exon 5 and a splice donor mutation for exon 5, see below), and 5 bp respectively. Also, two small insertions (1 and 5 bp respectively) were identified in exon 9.
Nonsense mutations
Nine mutations were characterised as stop mutations. One of the stop mutations was found in exon 1 of two unrelated families. The remaining nonsense mutations were observed in exons 1, 8, 9, 11, 13, 15 and 21 respectively ( Table 1) .
The stop mutation in exon 21 (mutation CQ4), resulting in the substitution of a TGA stop for a CGA (arginine) at residue 702, is potentially very informative concerning PEX gene function (Table 1) . Although the zinc-binding motif is not affected, and is retained in the mutant protein, a small section of the C-terminal end of the protein is expected to be lost.
The family of patient CQ4 is affected by the disease as severely as other families in which mutations in the N-terminal region occur. The mother and her two affected sons exhibit the typical X-linked hypophosphataemic phenotype, with low serum phosphate, elevated alkaline phosphatase and increased ionised calcium. Severe growth impairment (-1.8 SD to -2.5 SD) was also a major feature of the clinical phenotype in all three affected members. The mother and one of her sons (12 years), both displayed genu varum, and surgery was necessary to improve the mother's status. Both affected sons exhibited bone deformities and frequent tooth abscesses. 
Splice (donor and acceptor) mutations
Six splice donor mutations were detected that would result in the loss of exons 5, 7 (two families), 11, 15 and 19. Four splice acceptor mutations occurred, resulting in the loss of exon 7 (two families), exon 10 and exon 17. In the case of patient B10, skipping of exon 7 has been confirmed by reverse transcription of mRNA followed by PCR, and sequencing of the relevant region (3). Both in-phase and out-of-phase exon skipping mutations were observed in HYP patients. A small deletion (104 bp), in family, MW18O (Table 1) , would result in the skipping of exon 5, with consequent major changes in predicted secondary structure and thus function. In mutation DS99, hypophosphataemic male twins were found to have an alteration in the splice acceptor site of exon 10. This mutation potentially would result in skipping of exon 10 followed by a frameshift of the mis-spliced exon sequences. Both of the children were severely affected, and required corrective surgery at 2 years of age for craniostenosis (abnormal skull growth due to premature fusion of skull bones). Prior to surgery, the twins were affected by intracranial hypertension, and this resulted in the development of mild mental retardation.
A mutation involving a transversion of T→A in intronic sequence 5′ to the start of exon 17, and -16 bp upstream, was detected in a large Italian HYP pedigree (mutation BH41). All eight of the affected family members carried the mutation, as confirmed by a larger allele on SSCP polyacrylamide gel mobility shifts. Moreover, the mutation was not found on 72 X chromosomes screened from other HYP patients, or from the mothers of the CEPH pedigrees. The larger SSCP mobility shift allele contained the following sequence: aagtattaatgccatagA TCT, which differed from the expected normal sequence of: atgtattaatgccatagA TCT. It is of interest to note that only 2% of splice acceptor sites contain an additional ag sequence between base positions -4 and -15, which is 5′ relative to the consensus acceptor ag (34) . The extra ag in the mutant at -15 to -16 is expected, therefore, to cause loss of exon 17 (containing the zinc consensus motif and active catalytic site) due to suppression of the normal splice acceptor site. Moreover the mis-spliced exon would result in a frameshift in the remaining C-terminal sequence of the PEX protein.
Missense mutations
Six missense mutations were found in exons 3, 4, 15 and 17. The mutations found in exons 15 and 17 were found in two separate (unrelated) families respectively. The first N-terminal missense mutation encountered in exon 3 (CM41), involved codon 77 (Table 1) . A single base change of G to C at position 230 bp in the PEX gene (TGT→TCT) results in a substitution of serine for a cysteine. The altered cysteine is potentially very important for protein secondary structure, and an alignment of the M13 family of zinc metallopeptidases indicates that the region is highly conserved (Fig. 1) . Of clinical interest is the appearance of deafness in an affected 10 year old boy from this family. The other two affected members of the pedigree (the affected boy's mother and brother) had normal hearing.
Conversion of a T to a C at 412 bp (exon 4), that would result in the exchange of a proline for a leucine at residue 138 of the PEX protein, was found in HYP patient DC8. Secondary structure prediction analysis indicated that this missense mutation would lead to major changes in α-helical structure, protein turn and β-sheets, with additional subtle localised changes in surface probability and antigenicity (data not shown). Moreover, the region is highly conserved, with the substituted leucine present in both PEX and neprilysin (NEP) (see Fig.1 ).
A missense mutation in exon 15 was found in two French families (CM98 and AJ24), that involved a substitution of leucine for proline (CCG→CUG), at codon 534 ( Table 1 ). Confirmation that both families were not related was obtained by deducing the haplotypes for three 'PEX-region' microsatellites (i.e. DXS7475, DXS7473 and an unpublished microsatellite localised to a 5.1 kb EcoRI fragment of cosmid 1005 encompassing the 10th intron of the PEX gene reported in Table 3 ), for each family (4) . No common alleles were found for the two families tested (markers not shown).
Another recurrent mutation was found in a Polish (POZN) and Spanish family (AG75), in exon 17. The change involved substitution of an arginine for a glycine at residue 579 of PEX (Fig. 1) . This mutation is of great interest since it is directly adjacent to the zinc-binding motif HEFTH, and the replaced glycine is conserved in PEX, NEP and endothelin-converting enzyme (ECE-1), but not in KELL. The whole region is also highly conserved, and is a major fingerprint for the M13 family of zinc metallopeptidases (35) . A key feature of this site is a clustering of hydrophobic residues in PEX and all the M13 family members, with associated β-sheet. In this context, replacing glycine that has an uncharged polar group (conserved in PEX, NEP and ECE-1) with the basic positively charged arginine reduces the hydrophobicity, and also extends predicted β-sheet in the mutant form. Unexpectedly, in our family samples, no missense mutations were detected in the core active catalytic site residues of the Zn 2+ -binding motif.
Sequence motifs (prosite database search)
The main changes in predicted post-translational modification sites were: (i) three amidation sites, (ii) eight N-glycosylation sites, (iii) nine N-myristoylation sites and (iv) one C-terminal prenylation site. Screening of the PEX protein (prosite database) also revealed three potential cAMP and cGMP protein kinase sites, nine casein kinase sites, 12 protein kinase C sites and five tyrosine kinase sites. Also, potential disruption of the zinc-binding motif occurs in a mutation found in both POZN and AG75.
DISCUSSION
The PEX gene product has a high degree of homology with members of the neutral endopeptidase family (M13 family of zinc metallopeptidases), which are type II integral membrane glycoproteins. Proteins belonging to this group include NEP, ECE-1 and KELL antigen (3, 21) . Extensive mutation analysis of 99 HYP families has revealed a range of defects in the PEX gene. These include stop mutations, missense mutations, splice mutations, insertions and deletions. A number of mutations were found that would potentially alter the pattern of post-translational modification of the PEX protein and change secondary structure. Screening of the PEX protein (prosite database) also revealed potential disruption of putative kinase phosphorylation sites (see Results). Molecular regulation and cellular signalling are mediated by protein phosphorylation, and changes in patterns of endogenous protein phosphorylation of renal membranes occur in the mouse model (Hyp) of the rickets disease (15) (16) (17) (18) . The nature of the mutations found in the PEX gene allows important deductions to be made concerning PEX and its putative function as a zinc metallopeptidase. This paper presents a selection of the main conclusions drawn from an exhaustive study of the probable structure of the PEX protein (wild-type or HYP). This analysis has been helped and supported by a number of predictive computer programs (36) (37) (38) .
Amongst the most informative mutations concerning PEX function are those involving specific changes or substitutions of single amino acids (missense mutations). The first N-terminal missense mutation in exon 3 (CM41) results in substitution of a serine for a cysteine, and this is predicted to alter secondary structure and protein flexibility. Also, there are implications for protein folding as cysteine residues are able to form coordinate disulphide bonds with other cysteine residues, and it is of interest that adjacent to the changed cysteine there is a potential N-glycosylation motif (NLSV). The implication is that the mutant protein would be expected to fold into a different secondary and, by definition, tertiary structure to that of the wild-type protein, and thus have impaired function. A missense mutation in the adjacent C-terminal exon 4, involving a change of leucine to proline at residue 138 (DC8), also has implications for PEX activity. This substitution is predicted to cause changes in α-helical structure, protein turn and β-sheets and localised changes in surface probability and antigenicity. Also, two overlapping motifs (eight residues N-terminal to the mutation; SRR and RRDT), in a region of increased surface probability, indicate that this region could be phosphory- Figure 2 . Scheme showing the proposed Zn 2+ catalytic site of PEX. The substrate structure is positioned centrally, and the important PEX residues are shown surrounding the cleaved peptide. The scheme for PEX is adapted from known X-ray crystallographic data for thermolysin plus site-directed mutagenesis studies and inhibitor data for neprilysin (35, 39, 40) . lated by either protein kinase C and/or by cAMP/cGMP protein kinases. The region N-terminal to the substitution is also highly conserved in all the metallopeptidases, and in particular the substituted leucine is conserved in NEP and PEX. Thus it is probable that this region is critical for PEX gene function, and protein phosphorylation may play a role.
A recurrent missense mutation in exon 15, at residue 534 (CM98), resulted in substitution of a leucine for a proline. This mutation occurs four residues N-terminal to a conserved group of amino acids NAFYS. Asn538 and Ala539 are the most important residues in this cluster due to their predicted interaction with the substrate P2′, and the substrate P1′ site respectively (Fig. 2) . Also, the change in amino acid results in an extended β-sheet and the appearance of a new N-glycosylation motif (NLTT) immediately adjacent (one residue N-terminal) to both Asn538 and Ala539 ('P' site amino acids). This is also associated with a reduction in protein flexibility. Thus, this mutation would be expected to disrupt PEX catalytic site interactions by altering the immediate molecular environment (proline has a negatively charged Rgroup, and leucine is hydrophobic). This mutation was also found twice in a panel of 29 other HYP families (Francis et al., in preparation).
Conservation of amino acids involved in the catalytic site of the M4 family of thermolysin and the M13 family of NEP and PEX is striking (Table 1, Fig. 1) , and there is a clustering of hydrophobic residues. Hydrolysis of the substrate occurs through formation of a penta-coordinated complex of the metal that includes the three amino acids of the peptidase, the oxygen of the sissile bond and a water molecule bound to the Zn 2+ atom (35, 39, 40) . The three zinc-coordinating ligands characteristic of the Zn 2+ metallopeptidase groups occur in PEX at positions His580, His584 and Glu642 (Fig. 2 ). An additional Glu residue at position 581 has a role in catalysis by polarising a water molecule. An important residue shown to be essential for stabilisation of the transition state in thermolysin, and confirmed by site-directed mutatgenesis is His711 (NEP clustal alignment position), (41) . This residue is present in all the zinc metallopeptidases including PEX (Table 2) . A missense mutation found in POZN and AG75, which occurs in exon 17 and replaces residue Gly579 with an arginine, would be expected to cause a charge polarity reversal (glycine negatively charged, arginine positively charged). The substituted residue (Gly579), occurs in position 'X' (any amino acid), of the zinc motif (abXHEbbHbc), where b is an uncharged residue, c is a hydrophobic residue and 'a' is most commonly a valine or threonine across the zinc metallopeptidase families. In PEX and KELL, the 'a' residue is isoleucine ( Table  2 , Fig. 1 ). Gly579 is conserved in PEX, NEP and ECE-1, and substitution by Arg579 is predicted to cause changes in localised hydrophobicity and extend the β-sheet encompassing the zinc region, as well as reversing charge polarity. This suggests that Gly579 may play an important role in either substrate specificity or enzyme function. Also, the α-helical nature of the zinc motif is an important structural requirement of the catalytic site, and the glycine is predicted to disrupt this (35) . This mutation was found four times in a panel of 29 HYP families investigated by Francis et al. (in preparation).
The S2, S1, S1′ and S2′ subsites of the protease and the lateral chains of the substrate corresponding to the P2, P1, P1′ and P2′ amino acid moieties interact by Van der Waals and ionic forces to ensure specificity (35) . A major determinant of substrate specificity is a hydrophobic residue in the substrate P1′ site. The arginine at 747 of PEX corresponding to Arg747 of NEP interacts with this P1′ residue and is important for correct 'lock and key' alignment (Fig. 2) . In this context, the stop mutation found in exon 21 of the PEX gene (mutation CQ5), in which substitution of an arginine codon CGA for a stop codon UGA at residue 702 occurs, is potentially important when considering PEX gene function. This stop mutation is predicted to result in the loss of the tip of the C-terminus in the mutant form (beyond the Zn 2+ motif in exon 17), and thus of the key residues Arg747 and His710 (Fig.  2, Table 2 ). Therefore, mutation CQ5 and the manifestation of the disease phenotype suggest the importance of the Zn 2+ catalytic site in PEX. However, it is also possible that the CQ5 stop mutation increases susceptibility to proteolytic degradation. In addition, loss of the two cysteine residues in CQ5 could also alter protein structure sufficiently to cause loss of function.
The expected loss of exon 19 in patient CL66 due to a splice donor mutation would also result in loss of an important C-terminal residue, Glu642. This amino acid is conserved in all four metallopeptidases and plays a pivotal role in the sequestration of the catalytic site Zn 2+ atom (Fig. 2) .
Loss of exons due to aberrant splicing or exon skipping would inevitably lead to loss of a number of post-translational sites, and result in major changes of secondary structure. Unfortunately, confirmation of the splicing could not be obtained as blood/DNA samples were collected over a long period, and only a few B-lymphablastoid cell lines were available for mRNA extraction. NEP, which consists of 24 exons (comparable with the 22 so far identified for PEX), is subject to alternative splicing, and two shortened forms have been described. An alternatively spliced form of NEP with exons 5-18 removed (retaining the membranespanning domain) and an alternatively spliced form lacking exon 16 both result in inactive enzymes (42, 43) . It is therefore perhaps not surprising that the large number of splice mutations described here for the PEX gene are associated with the clinical phenotype in X-linked rickets. Closer analysis of the predicted changes in secondary structure and loss of specific motifs will provide clues to the reason for loss of function.
Correlation between a given genotype and a specific phenotype is of prime interest to the clinical management and understanding of familial diseases. This study raises a possible link between mutations involving the N-terminal region of the PEX gene and the occurrence of deafness. Relevant to this is the recent finding of a deletion of exons 1-3 in a mouse model (Gy) with classic hypophosphataemic rickets and inner ear defects (Strom et al., submitted). In our group of families, at least one patient mutated in PEX exon 3 (CM41) exhibited middle ear defects and consequent deafness. Twins mutated for exon 10 (DS99) have a hearing loss of 20-30 dB, but it was not possible to know whether this was generated by the craniostenosis or whether it was the direct consequence of the mutation.
The role of the HYP zinc metallopeptidase (PEX) in regulating renal phosphate handling, vitamin D metabolism and bone mineral metabolism is not known. Several mechanisms are possible, although it is difficult to define a single theory as correct. The evidence from this study suggests that PEX is a protease with a requirement for zinc (M13 family). A consideration of biochemical and physiological data on the mouse model of rickets strongly suggests that the molecular defect in HYP also involves an extra-renal circulating factor (2, 20, 21) . It has been proposed that this factor (possibly humoral), if found, should be called phosphatonin (44) . The complexity of the pathophysiology of X-linked rickets is underlined further by the finding that intrinsic osteoblast defects are also associated with the disease (27) (28) (29) (30) 32, 33) . Also, although the defects in bone mineralisation are partially corrected by treating patients with high doses of phosphate and 1,25 (OH) 2 vitamin D3, the abnormalities in bone growth remain (45) .
Genetic evidence from the Hyp mouse also suggests a role for a circulating factor (46) , and of particular interest is the absence of a gene dose effect (generally found in X-linked dominant diseases). In contrast to the Hyp mouse, several studies of human X-linked rickets show that gene dosage effects do occur (45, 47, 48) . Moreover, the large deletions, splice mutations, frameshifts and missense mutations we have described for PEX would eliminate gene function and are associated with the clinical phenotype in humans. Thus, in humans, affected HYP males (hemizygous) express the full clinical phenotype (null mutations) and heterozygous females have a reduced gene dosage and intermediate clinical phenotype because of random X-inactivation (49) . One possible explanation for the lack of apparent gene dosage effect in the mouse is haploinsufficiency. In haploinsufficiency disorders, the gene products participate in intermolecular complexes, and reduced amounts of product can lead to profound alterations in competitive and stoichiometric interactions (50) . It is conceivable that haploinsufficiency may play a large role in the mouse disease model, and a reduced but significant role in the human equivalent of the disease. This implies that the PEX gene product may either interact with itself or other components to form multimeric complexes before activation. It is also possible the PEX gene product processes or modifies component part(s) of a multimeric complex prior to the initiation of the interaction or assembly of the multimer.
The analysis of the mutations in the PEX gene of patients with HYP and a consideration of the implied modifications of the altered PEX protein confirm the requirement of a fully intact PEX to ensure function. It is of interest, therefore, to speculate whether a circulating factor (proteolytically processed by the PEX gene product) is responsible either indirectly or directly for the changes in renal phosphate transport, vitamin D metabolism and osteoid mineralisation. An answer to the 'humoral factor' theory awaits isolation of a putative PEX protein substrate. Characterisation of this substrate (possible novel hormone) will facilitate studies directed towards increasing our understanding of bone mineral metabolism. Also, an increased knowledge of PEX gene function may provide a means of devising better treatments for patients with X-linked rickets, tumour osteomalacia and possibly other related diseases of bone.
MATERIALS AND METHODS

HYP families
Ninety nine families were studied in which HYP had been inherited through two or more generations. In addition, seven sporadic cases were studied. Diagnosis was confirmed radiologically, and by measuring renal phosphate wasting, serum phosphate and vitamin D metabolism (see ref.
2). The families were of global provenance (Europe and North Africa).
Genomic sequence and exon-intron structure
Cloning of the PEX cDNA has been described previously (ref. 3 and GenBank accession No. U60475). The genomic sequence of the PEX gene region and intron-exon boundary sequences are presented elsewhere (Francis et al., in preparation). Intronic primers flanking each of the 22 characterised exons and conditions for PCR are shown in Table 3 . The relative position of exons in the cDNA sequence is shown in Figure 3 .
PCR/SSCP analysis and microsatellite screening
Core buffer for PCR was: 10 mM Tris-HCl pH 8, 50 mM KCl, 1 µM primers, 200 µM dNTPs, 0.25 U of Taq polymerase, 100 ng of DNA and MgCl 2 , as presented in Table 3 , in a total volume of 25 µl. Thermocycling was carried out at 95_C for 2 min, followed by 35 cycles of 95_C for 1 min, 50_C for 1 min, 72_C for 1 min. SSCP of mutations was then carried out as described earlier (3) . Analysis of microsatellites after PCR of DNA was undertaken as described (4) .
Southern blotting
The larger deletions within the PEX gene were confirmed by PCR and by Southern analysis of genomic DNA isolated from affected patients (3) .
Protein analysis
A number of computer programs were used to analyse the primary PEX gene sequence, and to predict alignment, structural motifs and secondary structure (hydrophobicity, surface probability, antigenicity, flexibility). These consisted of the Wisconsin GCG and EGCG packages (36, 37) , and also the antheroplot programme (38) . The databases used were Prosite, Swissprot, GenBank and EMBL. The alignments depicted are derived using clustal V analysis (GCG or antheroplot), and transformed using the prettybox programme (GCG).
